We propose an efficient method to generate multiparticle entangled states of NV centers in a spin mechanical system, where the spins interact through a collective coupling of the Lipkin-MeshkovGlick (LMG) type. We show that, through adiabatic transitions in the ground state of the LMG Hamiltonian, the Greenberger-Horne-Zeilinger (GHZ)-type or the W-type entangled states of the NV spins can be generated with this hybrid system from an initial product state. Because of adiabaticity, this scheme is robust against practical noise and experimental imperfection, and may be useful for quantum information processing.
I. INTRODUCTION
In recent years, much attention has been paid to the generation of multiparticle entangled states with different systems, which play a key role in quantum computation, quantum networks, quantum teleportation, and quantum cryptography [1] [2] [3] [4] [5] [6] [7] . Thus far, a plenty of schemes for preparing multiparticle entangled states have been proposed, with a variety of setups such as ion traps, cavity QED, spin-mechanics, etc [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Furthermore, some of these schemes have been successfully implemented in experiment [22] [23] [24] [25] [26] [27] [28] . Especially, hybrid quantum systems are reliable and promising setups for quantum information processing due to their easy scalability and longer coherence times [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Among all microscopic solid state systems, nitrogenvacancy (NV) centers in diamond are particularly attractive due to their excellent spin properties even at ambient conditions [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Significant theoretical and experimental investigations have been carried out to realize quantum logical gates, quantum state manipulating, and entangled state generation [48] [49] [50] . However, it is still a challenge to generate multipartite entanglement among distant NV centers in hybrid quantum systems [51] [52] [53] [54] .
In principle, the precondition for manipulating or entangling NV spins is to acquire the strong coupling between the NV spins and other quantum data buses [55] [56] [57] [58] [59] . Much work has been proposed by taking advantage of the strong magnetic coupling between NV center ensembles and superconducting microwave cavities or qubits [41, 42, [60] [61] [62] . In fact, the more attractive investigation is the strong magnetic coupling between nanomechanical resonators (NAMR) and single NV centers or a few of distant NV centers [63] [64] [65] [66] [67] . Based on the spinmechanical system, several promising theoretical schemes have also been proposed to prepare entangled NV spins by utilizing the NAMR as a data bus [54, 55, [66] [67] [68] . Since these schemes naturally rely on the dynamical evolution of the hybrid spin mechanical system, the target * lipengbo@mail.xjtu.edu.cn state is inevitably disturbed by dissipations and ambient thermal noises. Therefore, it is appealing to propose a high-efficiency and more feasible protocol for preparing multiparticle entangled NV spins.
In this work, we propose an efficient scheme for generating multiparticle entangled states of NV centers in a spin mechanical system, where an array of NV centers are magnetically coupled to a nanomechanical resonator. With the assistance of external microwave fields, we can acquire collective interactions for NV spins with the form of the Lipkin-Meshkov-Glick (LMG) type [69] The LMG Hamiltonian can be adiabatically steered from the isotropic type to the one-axis twisting one by tuning the Rabi frequencies slowly enough to maintain the NV spins in the ground state. The collective NV spins undergo the ground-state transitions that allows us to obtain the adiabatic channels between the initial separate ground state and the final entangled ground state. We investigate this adiabatic scheme with analytical results and numerical simulations for three different types of adiabatic transfer processes. The results indicate that we can acquire the Greenberger-Horne-Zeilinger (GHZ)-type and the W-type entangled states for NV spins with very high fidelity. Compared to previous works, this scheme is robust against practical noise and experimental imperfection because of adiabaticity.
II. THE SETUP
We consider the spin-mechanical setups as illustrated in Fig. 1(a) and (b) . The ground-state energy level structure of a single NV center is shown in Fig. 1(c) . The electronic ground triplet state |m s = 0, ±1 is the eigenstates of spin operatorŜ z withŜ z |m s = m s |m s , and the zero-field splitting between the degenerate sublevels |m s = ±1 and |m s = 0 is D = 2π × 2.87 GHz [39, 40, 47] . A homogeneous static magnetic field B static is used to remove the degenerate states |m s = ±1 with the Zeeman splitting δ B = 2g e µ B B static . In Fig. 1(a) , the end of a cantilever NAMR with dimensions (l, w, t) is attached with a row of equidistant magnet tips (size of ∼ 100 nm). An array of NV centers are placed homogeneously and sparsely in the vicinity of the upper surface of the diamond sample, which are placed just under the magnet tips one-by-one with the same distance d ∼ 25 nm. The motion of the cantilever attached with the magnet chip produces the time-dependent gradient magnetic field B j (t), with the fundamental frequency ν at the j-th NV spin [63] [64] [65] [66] [67] . Meanwhile, we apply the dichromatic microwave driving fields polarized in the x direction B 1,2
x (t) with frequencies ω 1 and ω 2 to manipulate the NV centers' triple ground states. To make sure that the NV centers are all strongly and nearly equally coupled to the cantilever, we restrict the tips within a small region near the end of the cantilever. In this case, the number for available NV centers is limited to at most 10 NV centers [65, 66] . Moreover, we assume that the dichromatic microwave fields drive the NV centers homogeneously, because the microwave length is much larger than the size of the the cantilever.
Then for the single j-th NV spin, we can obtain the Hamiltonian expressed as ( = 1)
where g e ≃ 2 is the landé factor of NV center, µ B = 14GHz/T is the Bohr magneton, andˆ
is the spin operator of the NV center. As ν ≪ D ± δ B /2, we can ignore the far-off resonant interactions between the spin and the gradient magnetic fields along x and y directions. Then we can obtain the Hamiltonian
We assume B j z (t) ∼ G jẑ cos νt = G j a 0 (â+â † ) cos νt, with G j the first order gradient magnetic field,â andâ † the corresponding annihilation and creation operators, and a 0 = /2mν the zero field fluctuation for this resonator of mass m. In the rotating frame at the frequency ν,
where λ j = g e µ B G j a 0 is the coupling constant between the j-th NV center and the NAMR. 
where ω − = D − δ B /2 is the energy transition frequency between the level |0 and | − 1 , and Ω 1,2 = g e µ B B 1,2 0 /2 are the dichromatic Rabi frequencies.
We can ignore the interactions between the adjacent NV centers, as long as the distance between the two adjacent NV spins is far enough. Then we have the total Hamiltonian for this hybrid system
The first and second items are the free Hamiltonian for the NAMR and NV centers, the third item is the Hamiltonian for describing the interactions between the NV centers and the mechanical resonator, and the last item describes the microwave driving for the transition between |0 and | − 1 of the NV spins. We can also implement such a spin-mechanical setup by use of a suspended carbon nanotube resonator that carries dc current. Recently, it has been shown that the suspended carbon nanotube carrying dc current can enable the strong coupling between mechanical motion and NV spins [55] . This setup is particularly suitable for the investigation of an array of NV centers coupled to a mechanical resonator.
Another equivalent setup is illustrated in Fig. 1(b) . In this system, a row of equidistant NV centers are set homogeneously and sparsely in the vicinity of the upper surface near the end of the cantilever diamond NAMR. An array of magnetic tips are fixed above these NV centers one-by-one with the same distance d. With the assistance of the static magnetic fields and microwave driving fields, we can also achieve the equivalent Hamiltonian for describing the interactions as the first setup shown in Fig. 1(a) .
Owing to the variations in the size and spacing of the nanomagnets and NV centers, the coupling λ j can not be the same for all of the NV centers. There will be slight differences for each NV center, and this will give rise to a degree of disorder in the system. Here we define λ j = λ + δλ j and η j = η + δη j = (λ + δλ j )/ν, where |δη j | = |δλ j |/ν ≪ 1 is the disorder factor in this hybrid system [70] [71] [72] [73] . Therefore, the Hamiltonian in Eq. (5) can be expressed as
For conveniently, we define the collective spin operators for all of the NV centers asĴ z =
j − , and they also satisfy the angular momentum commutation relations
Therefore, Eq. (6) can be simplified as
First of all, we apply the unitary Schrieffer-Wolff transformationÛ = e −iP to H s , whereP ≡ iη(â † −â)Ĵ z , and η = λ/ν can be viewed as an effective Lamb-Dicke parameter for this solid-state system [50, 64, 68] . Then we
where M j = ηδλ j /4 is the coefficient of Ising interactions.
z )Ĵ z are the experimental disorder items in our system. The first itemD 1 corresponds to the high frequency oscillating item, and its effective influence on the system can be discarded because |δλ j | ≪ ν. The second itemD 2 corresponds to the major disorder, whose effect will be discussed in Sec. V. For simplicity, we first assume that λ j ≃ λ, and then we can discard the itemD 2 because of M j ≃ 0. As a result, we can acquire the Hamiltonian without the disorder
Secondly, we assume that the resonator is cooled sufficiently with extremely low ambient temperature, so that this hybrid system satisfies the Lamb-Dicke limit (n + 1)η 2 j ≪ 1, where n = 1/(e ν/kBT − 1) is the average number of the phonon for this oscillation mode with temperature T [8] [9] [10] [11] [12] . Applying the approximate relation e (9) we can acquire the Hamiltonian in the interaction picture
We define the detuning as ∆ ≡ ω 2 − ω − ≃ ω − − ω 1 , and assume the relations in this hybrid system ν ≫ λ, |∆| ≫ |Ω 1,2 |, and {ν, |∆|, |∆ ± ν|} ≫ η|Ω 1,2 |. Since the NAMR stays in relative lower energy state, we can eliminate the resonator mode and ignore the items for the energy shift caused by this mechanical oscillation mode. Then we can get the effective Hamiltonian as follow [74] 
where the effective coefficients are
According to Eq. (11), the effective Hamiltonian for this system evidently corresponds to the general LMG model for describing the collective interactions of N spin-1/2 particles. Therefore, in this solid-state system, we introduce the single NV center's decoherence factor as the dephasing rate γ j dep ∼ 1/T 2 to the master equation with the expressionρ 
III. GENERATING ENTANGLED STATES VIA ADIABATIC TRANSITIONS
The parameters α, ε, β 1 and β 2 in Eq. (12) can be controlled by adjusting the relevant parameters such as the detunings ∆, Rabi frequencies Ω 1,2 , and coupling coefficients λ. We can get several special forms of the LMG model by tuning these parameters and make a concise list in TABLE. I.
The LMG model was first proposed by H. J. Lipkin, M. Meshkov and A. J. Glick for describing the monopolemonopole interactions in nuclear physics [69] . In order to explore new physics from this LMG type interaction, so far, a great deal of theoretical schemes are proposed for simulating this kind of interaction with different systems, such as the ion-trap scheme [10] , the cavity QED scheme [13] , and the hybrid solid-state qubit scheme [62, 75] . The LMG type Hamiltonian possesses the particular symmetry under the exchange of particles. Especially, the isotopic ferromagnetic LMG model and the simple (one-axis twisting) ferromagnetic or antiferromagnetic LMG model can be solved exactly. Here we study the ground states for these different types of the LMG model and make a brief list in TABLE. II.
Let's make a brief discussion on these different types of the LMG model. When we choose the experimental parameters as Ω 1 = 0, Ω 2 = 0, β 1 = β 2 = β and |∆| = ν according to the first row in TABLE. I, we can get the isotropic Hamiltonian with the expression
where the coefficients are α = 2η 2 ∆/(∆ 2 −ν 2 ), ε = 2/α∆ and β = Ω 1 . In which, the collective spins operator iŝ
, with the maximum total angular momentum J = N/2 (J is integer or half integer number). This isotropic LMG Hamiltonian can be solved exactly in the representation ofĴ z because of the relations H isotropy |m z = αβ 2 [εm z − m 2 z + J(J + 1)]|m z , where m z ∈ {−J, −J +1, · · · , J −1, J}, and {|m z } is the eigenstates ofĴ z . In order to describe the physics more visually, in Fig. 2 we show the analysis graphics for the ground states of the isotropy LMG Hamiltonian H isotropy in different conditions.
As shown in Fig. 2 
By setting the parameters as the second and third rows in TABLE.I, we can also get the simple (one-axis twisting) LMG Hamiltonian
where the parameters are Ω 1 = Ω 2 , β 1 = 0, β 2 = 0, |∆| = ν, and α = 2η 2 ∆/(∆ 2 − ν 2 ).
with the parameters Ω 1 = −Ω 2 , β 1 = 0, β 2 = 0, |∆| = ν, and α = 2η 2 ∆/(∆ 2 − ν 2 ). According to Eq. (15) and Eq. (16), when we change the sign of α from the negative value to the positive one, the collective spin system correspondingly undergoes the phase transition from the ferromagnetic interactions (FI) to the antiferromagnetic interactions (AFI). These transitions can also lead to the collective NV spins' groundstate transitions shown in TABLE. II. When α < 0, Eqs. 
On the contrary, if we set α > 0, we can have the Hamiltonian for AFI, and obtain the ground states corresponding to the fourth and the sixth rows in TABLE. II, 
x (N is even) and |(+) (N±1)/2 (−)
x (N is odd)
i.e., |m x,y = 0 ≡ |(+) N/2 (−) N/2 x,y (N is even) and
In this work, we focus on the generation of the multiparticle entangled states through adiabatically steering the Hamiltonian from the isotropic type H isotopic to the one-axis twisting one H y . The essential criteria for this scheme is that we need to keep all spins in the ground states during the dynamical evolution process. It is necessary to determine the slowly varying functions of the Rabi frequencies Ω 1,2 (t) versus the evolution time. Then we tune the parameters Ω 1,2 (t) slowly enough to maintain the adiabatic conditions τ ≫ /∆E, in which τ is the characteristic time for the transfer process, and ∆E is the energy difference between the ground state and the next excited state. According to the discussion in Ref. [10] , this adiabaticity constraints will not change as we increase the number of particles up to 50. In our scheme, the number of the NV centers have been limited in N 10, as a result, the adiabaticity constraints will be valid. We consider three different schemes: case I, α < 0, ε > 0; case II, α > 0, ε > 0 and N is odd; case III, α > 0, ε > 0 and N is even. These three different types of adiabatic processes are shown in Fig. 3 .
For case I, we set the coupling parameters to satisfy α < 0, ε > N , Ω 1(inital) = Ω 1(i) , Ω 2(inital) = Ω 2(i) = 0 and β 1 = β 2 = β, and assume that Eq. (14) is the initial Hamiltonian in this hybrid quantum system, which corresponds to the first row in TABLE. I. According to Fig. 2(b) and the first row in TABLE. II, we can analytically achieve the unique initial ground states |m z = N/2 for Eq. (14), which is the separable multiparticle state without any entanglement. With the adiabatic transfer process Ω 1(i) τ − → Ω f and Ω 2(i) τ − → Ω f , we can transform the LMG Hamiltonian from Eq. (14) into Eq. (15) . As a result, we can achieve the adiabatic transfer process αβ 2 (εĴ z +Ĵ 2 −Ĵ to discuss the odevity of the number of NV centers. Owing to the particular symmetry of the exchange of particles for this kind of LMG-type interactions as Eqs. (14) and (15), we can get the adiabatic ground-state transfer between the initial disentangled ground state and the final target entangled ground state,
(17) Here |φ (I) corresponds to the N -particle GHZ-type entangled state in theĴ y representation, and the total number of spins N can sensitively influence on the entanglement due to the phase factor e iπJ . For example, when
(|++++ y +|−−−− y ). For another case, according to the first row in TABLE. I and the second row in TABLE. II, we set the parameters as α > 0, ε > N , Ω 1(inital) = Ω 1(i) , Ω 2(inital) = Ω 2(i) = 0 and β 1 = β 2 = β. Therefore, for Eq. (14), the initial ground state can be expressed as |m z = −N/2 , which is also plotted in Fig. 2(d) . Taking advantage of the same adiabatic transfer process Ω 1(i)
we can also achieve the transfer process αβ
y to prepare the entangled ground states. Since α > 0, the initial Hamiltonian is the form of FI, but the final Hamiltonian is the type of AI. In this adiabatic transfer process, the odevity of N needs to be distinguished between odd (case II) and even (case III), as illustrated in Fig. 3 .
In case II, α > 0 and the total number of NV spins N is odd. The ground states for the final Hamiltonian H y = αβ 2 2Ĵ 2 y are two generate ground states as |m y = ±1/2 , which are both maximally entangled states. Moreover, owing to the symmetrical interactions for exchanging the particles, we can get the second adiabatic transition process in case II,
where |φ (II) is the N -particle W-type maximally entangled state in theĴ y representation, with the total angular momentum J = 1/2 for all the spins. Similarly, when N = 3, we can obtain |m y = 1/2 = N/2 (−) N/2 y , which is also the W-type maximally entangled state. Then we obtain the third adiabatic transition process in case III,
where |φ (III) is also the N -particle W-type maximally entangled state in theĴ y representation, with the total angular momentum J = 0 for all the NV spins. When N = 4, we have the target state as |φ (III) = 1 √ 6
(| + + − − y + | + − + − y + | + − − + y + | − + + − y + | − + − + y + |− − + + y ), which corresponds to the four-particle W-type maximally entangled state.
IV. NUMERICAL SIMULATIONS
To confirm our theoretical schemes discussed above, we assume that the frequency of the NAMR is about ν/2π = 10 MHz and the dephasing rates for all the NV spins are homogeneous γ j dep ≃ γ dep . Then we make the numerical simulations through solving the master equation (13) , and display the results for different cases in Fig. 4 . In these numerical simulations, we have set the dephasing rate γ dep /2π respectively as 0 kHz, 0.1 kHz, 0.5 kHz, and 1.0 kHz.
The adiabatic ground-state transfer process for case I is plotted in Fig. 4(a) and (b) . We have assumed that the NV spins are initially prepared in the ground state |m z = N/2 and set the number of NV spins as N = 4. This adiabatic process corresponds to the transition of the FI LMG model between the isotropy type and the one-axis twisting type as shown in Fig. 3 . We apply the slowly varying dichromatic microwave fields with the Rabi frequencies Ω 1 (t) and Ω 2 (t) according to Fig. 4(g) , and obtain the dynamical evolution of the population for the target state |φ (I) .
In Fig. 4(a) , the detuning is |∆| = 1.1ν and the coupling is λ ∼ 0.1ν, while in Fig. 4(b) the detuning is |∆| = 1.1ν and the coupling is λ ∼ 0.05ν. We find that the collective NV spins will be transferred to the GHZ state |φ (I) at the time t ∼ 4000/ν. When the coupling strength between the NV centers and the NAMR decreases, as shown in Fig. 4(b) , the time for reaching the target state will be much longer. Furthermore, we find that in ideal conditions the system can be steered into the target GHZ state |φ (I) with a fidelity equal to unity. However, when the spin dephasing effect is taken into account, the population in the target state decreases.
For case II and case III, the adiabatic state transfer schemes correspond to the transitions from the FI to the AFI as shown in Fig. 3 . In these cases, the target states depend on the odd or even number of the NV spins. Therefore, for case II, we have set the odd number of NV spins as N = 3 and assumed that the NV spins are initially prepared in the ground state |m z = −N/2 . With the assistance of the slowly varying dichromatic microwave fields according to Fig. 4(g) , we can acquire the dynamical evolution of the population for the target state |φ (II) in our numerical simulation.
As shown in Fig. 4(c)-(d) , we set λ = 0.1ν, |∆| = 1.1ν in Fig. 4(c) , and λ = 0.1ν, |∆| = 0.9ν in Fig. 4(d) . We find that the collective NV spins will be transferred to the W-type entangled ground state |φ (II) when t ∼ 4000/ν under different detunings. We can also find that the population of the target W-state |φ (II) can reach unity in ideal conditions, but less than unity in real conditions because of the dephasing effect.
While for case III, we have set the even number of NV spins as N = 4 and assumed that the NV spins are also initially prepared in the ground state |m z = −N/2 . With the assistance of the identical dichromatic microwave fields according to Fig. 4(g) , we can also obtain the dynamical evolution of the population for the target state |φ (III) , as illustrated in Fig. 4 (e) and (f). The parameters are chosen the same as those in Fig. 4(c) and (d). Obviously, in spite of the different detunings the collective four NV spins will be transferred to the W-type entangled ground state |φ (III) at the time t ∼ 4000/ν. We also find that the NV spins can be steered into the target W-type state |φ (III) with a fidelity equal to unity in ideal conditions. However, when the spin dephasing effect is taken into account, the population in the target state decreases.
V. EXPERIMENTAL IMPERFECTIONS
We now discuss the experimental imperfections. In this scheme, the experimental imperfections are mainly the physical disorder and the dispersion of the control parameters. Owing to the variations in the size and spacing of the magnetic tips and NV centers, and according to the discussion in Sec.II, the physical disorder is mainly caused by the inhomogeneous coupling λ j between the NV centers and magnetic tips. We can make numerical simulations and display the effect of different disorder distributions on our scheme [70] [71] [72] [73] . We set λ = 0.1ν, |∆| = 0.9ν, and the slowly varying -(a,b,c,d )) in Fig. 5 : Fig. 5(a) , |δλ j | ≤ λ × 10% in Fig. 5(b) , Fig. 5(c) , and |δλ j | ≤ λ × 30% in Fig. 5(d) .
In our simulations, we take four spins as an example. In Fig. 5 , we choose three different distributions for each disorder case. According to the numerical simulations as shown in Fig. 5 (a)-(d) , we find that the collective NV spins will be transferred to the target ground state when the disorder is about ±5% ∼ ±30% of λ, and this transfer process is unaffected by these kinds of disorder.
The dispersion caused by the experimental control parameters is another experimental imperfection. In this scheme, the dispersion mainly results from the dichromatic slowly varying Rabi frequencies Ω 1 (t) and Ω 2 (t). We assume Ω 1 (t) = (ζ + δζ 1 )[1 + tanh(νt/2000)] and Ω 2 (t) = (ζ + δζ 2 )[1 + tanh(νt/1500)], with the average value ζ = 0.3ν, and the dispersions |δζ 1,2 | ≤ ζ × 10%. By setting λ = 0.1ν, |∆| = 0.9ν, we plot the dynamical evolution for the ground-state transfer efficiency in Fig. 6 under five different situations: {δζ 1 = 0, δζ 2 = 0}, {0.05ζ, 0.05ζ}, {−0.05ζ, 0.05ζ}, {0.05ζ, −0.05ζ}, and {0.1ζ, −0.1ζ}.
As illustrated in Fig. 6 , we find that the collective NV spins will be transferred to the target state with high efficiency when the dispersion satisfies |δζ 1,2 | < ζ × 5%. However, the transfer efficiency will decrease when the dispersion becomes larger. Hence, in order to prepare the target entangled state with high efficiency in this scheme, the dispersion of the control parameters should satisfy |δζ 1,2 | < ζ × 5%.
VI. THE FEASIBILITY OF THIS SCHEME
To examine the feasibility of our scheme in realistic experiment, we now discuss the relevant experimental parameters. For realistic conditions, the frequency for high-Q (Q ∼ 10 6 ) NAMR is about ν/2π ∼ 10 MHz, with the number of NV spins N ∼ 10, we can obtain the magnetic coupling strength between the NAMR and the NV centers satisfies λ/2π ∼ 1 MHz. The Rabi frequency is about Ω 1,2 /2π ∼ 1 MHz and the detuning satisfies ∆/2π ∼ 10 MHz. Assuming an environmental temperature T ∼ 10 mK in a dilution refrigerator, the thermal phonon number is about n = 1/(e ν/kB T − 1) ∼ 20, and we can get the effective damping rate of NAMR is about γ m ∼ n( λ ∆ ) 2 ν Q < 2π × 10 Hz. Comparing with the effective couplings |αβ 2 ε| ∼ 2π × 10 MHz and |αβ 2 | ∼ 2π × 1 MHz, we can discard the effect of the NAMR's damping rate in our numerical simulation [76] [77] [78] [79] [80] . Based on these parameters above, the time for transfer the NV spins' ground state adiabatically from separate state to maximal entangled state will be about t ∼ 100 µs in this scheme. On the other hand, the relaxation time of the NV spin triplet ranging from milliseconds at room temperature to several seconds at low temperature has been reported. In general, the single NV spin decoherence in diamond is mainly caused by the coupling of the surrounding electron or nuclear spins, such as the electron spins P1 centers, the nuclear spins 14 N spins and 13 C spins [81, 82] . In type-Ib diamond samples, the freeinduction decay of the NV center spin in an electron spin bath (P1 centers) can be neglected, and in high-purity type-IIa samples, the decay time caused by the electron spin bath will exceed one millisecond [81] [82] [83] . The coupling to the host 14 N nuclear spin(∼MHz), induces the substantial coherent off-resonance errors, and these errors have been solved experimentally [84] . For NV centers in diamond with natural abundance of 13 C, the decoherence will be dominated by the hyperfine interaction with the 13 C nuclear spins, which mainly form the nuclear spin bath [85] [86] [87] . With the development of the dynamical decoupling techniques [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] , the dephasing time T 2 of a single NV center in diamond can be more than 2 ms [101] [102] [103] . Thus, the coherence time is sufficient for achieving the desired NV spins entangled ground state.
VII. CONCLUSION
In summary, we have proposed an efficient protocol for entangling the NV spins with the assistance of a high-Q NAMR and dichromatic classical microwave driving fields. In this protocol, we can not only acquire the collective LMG type interactions for NV spins (N ∼ 10), but also steer the LMG Hamiltonian adiabatically from the isotropic type to the simple (one-axis twisting) type by tuning the Rabi frequencies slowly enough to maintain the NV spins in the ground state. As a result, the collective NV spins will undergo ground state transitions, which allows us to obtain the adiabatic channels between the initial separate ground state and the final entangled ground state. In this work, we have made the analytical discussions and numerical simulations on three different types of adiabatic processes for cases I, II, and III. We can acquire the GHZ-type maximally entangled NV spin ground state in case I, and the W-type ground states in cases II and III under realistic conditions.
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